.58 s), suggesting that Bolt had improved his performance. However, the runners in Berlin benefited from a 0.9 m/s tailwind that, as we will show, cannot be neglected.
In this paper we analyze Bolt's records in Beijing and Berlin using a function proposed by Tibshirani 2,3 to describe the time dependence of the velocity in both races. This paper is organized as follows. As a first step, we fit an empirical function, v(t), to the data available from the International Association of Athletics Federation. 4 From this fit we can deduce the maximum acceleration, the maximum power, and the total mechanical energy produced 
II. MODELING THE TIME DEPENDENCE OF THE VELOCITY
In a seminal paper, Keller 5 analyzed the problem faced by runners -how should they vary their velocity to minimize the time to run a certain distance? In Ref. 5 the resistance of the air was assumed to be proportional to the velocity and, for the 100 m sprint, it was assumed that the best strategy is to apply as much constant force, F , as possible. The equation of motion was written as
where v is the speed of the runner. The solution of Eq. (1) is v(t) = (F/α)(1 − e −αt/m ).
Although this solution seems to answer the proposed question, it has some limitations. One problem is that the air flow is turbulent, not laminar, and thus the drag force is proportional to v 2 , rather than v. Another problem is that runners must produce energy (and thus a force) to replace the energy expended by the vertical movement of the runners' center of mass and the loss of energy due to the movement of their legs and feet. (See Ref. 6 for an analysis of the energy cost of the vertical movement in a horse race.) Also, the runners' velocity declines slightly close to the end of the 100 m race, which is not taken into account in Eq. (1).
Tibshirani 2, 3 proposed that a runner's force decreases with time according to f (t) = F − βt, so that the solution of Newton's second law is
This solution solves some of the limitations discussed in the previous paragraph, but it is still incomplete. As we know, the air resistance is proportional to v 2 , but in the above models the air resistance was supposed to be proportional only to v, probably to simplify the dynamical equations such that an analytical solution could be obtained. We assume that the velocity is given by
and the corresponding position is
III. EXPERIMENTAL DATA AND RESULTS
The parameters a, b, and c in Eq. (4) were fitted using the least-squares method constrained such that x(t f ) = 100 m, where t f is the running time minus the 'reaction time'
(the elapsed time between the sound of the starting pistol and the initiation of the run).
The split times for each 10 m of Bolt's race are reproduced in Table I . In Table I we also show the split times calculated using the parameters given in Table II .
The data variances were estimated as follows. First, we assumed that the uncertainties of the split times are all equal. Then, we estimated the variances by the sum of the squares of the differences between the observed split times and the calculated values divided by the number of degrees of freedom (the number of data points minus the number of fitted parameters), ν, considering both the Beijing and Berlin data:
The obtained result was σ = 0.02 s. Then, we generated 100 sets of split times by summing normally distributed random numbers centered at zero with standard deviation equal to 0.02 s to the observed split times.
For each simulation we fitted new values of the parameters. Thus, we obtained 100 values for each parameter, both to the Beijing and Berlin competitions. The uncertainties of the fitted parameters were estimated by the standard deviation of the 100 fitted parameters.
The uncertainties calculated by this procedure reflect the uncertainties of the measured split times, the rounding of the published data, and the inadequacy of the model function.
Bolt's velocities in Beijing and Berlin are shown in Fig. 1 . In Berlin we observe a smaller initial acceleration and a smaller velocity decrease at the end of the race compared to his performance in Beijing. The mechanical power developed by Bolt is given by
where the parameter κ = C d ρA/2 corresponds to the dissipated power due to drag and v wind is the tailwind speed, which was zero in Beijing and equal to 0.9 m/s in Berlin. For is estimated for the power expended due to the vertical movement of the Bolt's center of mass. 9 We used m = 86 kg for his mass. 10 The mechanical power generated by Bolt is shown in Fig. 2 . We see that the maximum power generated by Bolt in Berlin is smaller than the power he generated in Beijing. Table III Another possible origin for the discrepancy between our result for the wind effect and the literature is the force applied by the runner. We considered that the energy and the ground force applied by the runner can be deduced from the fitted position position versus time function. However, some workers prefer to formulate a model based on the applied forces (see, for instance, Refs. 8, 11, 12, 14) . These authors usually obtain better agreement for the effects of wind as well as altitude in short races. 
